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Review Mechanics rules cell biology
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Abstract
Cells in the musculoskeletal system are subjected to various mechanical forces in vivo. Years of research have shown 
that these mechanical forces, including tension and compression, greatly influence various cellular functions such as 
gene expression, cell proliferation and differentiation, and secretion of matrix proteins. Cells also use 
mechanotransduction mechanisms to convert mechanical signals into a cascade of cellular and molecular events. This 
mini-review provides an overview of cell mechanobiology to highlight the notion that mechanics, mainly in the form 
of mechanical forces, dictates cell behaviors in terms of both cellular mechanobiological responses and 
mechanotransduction.
1. Introduction
Mechanical forces act on humans at different levels, from
the body as a whole to individual organs, tissues, and
cells. It is well known that appropriate mechanical loads
are beneficial to bone and muscle by enhancing their
mass and strength. On the other hand, excessive mechan-
ical forces can also be detrimental; for example, excessive
mechanical loading of tendons plays a major role in the
development of tendinopathy [1,2]. Thus, mechanical
forces have a profound effect on tissue homeostasis and
pathophysiology. The central players in the human body's
response to mechanical forces are various types of mech-
ano-sensitive cells. Examples of such cells include teno-
cytes in tendons, fibroblasts in ligaments and skin,
osteocytes in bone, chondrocytes in articular cartilage,
and endothelial cells in blood vessels. Mechanical forces
induce a wide range of cellular events, including prolifer-
ation, differentiation, and gene and protein expression by
both adult differentiated and stem cells [3]. This mini-
review provides a concise overview of cellular mechano-
biological responses, with a focus on cells from musculo-
skeletal tissues. In addition, mechanotransduction
mechanisms, by which cells "convert" mechanical forces
into cellular biochemical events, are also briefly reviewed
to emphasize the notion that mechanics, mainly in the
form of external and internal mechanical forces, plays a
vital role in cell biology. Note that readers who are inter-
ested in a more broad and in-depth understanding of the
role of mechanics in cell biology should consult relevant
papers, which are abundant in the literature.
2. External Mechanical Forces
External mechanical forces are defined as forces, such as
tensile, compressive, or shear stresses, that are applied to
cells from their environment. Depending on the cell type,
the forces can come in one form or a combination of
them. For example, fibroblasts in tendons and ligaments
are mainly under tensile stress in vivo, while chondro-
cytes and osteocytes are subjected to compression and
shear stress due to fluid flow in addition to tensile forces.
In blood vessels, endothelial cells lining the vessel surface
are subjected to a combination of tensile stress due to
vessel expansion, hydrostatic pressure, and fluid shear
stress.
Because of the ability to control experimental condi-
tions,  in vitro model systems have been developed to
investigate cellular mechanobiological responses. In
many of these systems, tensile forces are applied to the
substrate and hence cause substrate deformation, which
in turn loads cells that adhere to the underlying substrate.
There are two ways to apply tensile mechanical forces to
cells: the substrate may be stretched uniaxially or biaxi-
ally. Uniaxial stretching is appropriate for application of
mechanical forces to cells originating from tendons (e.g.,
patellar and Achilles tendons) and ligaments (e.g., ante-
rior cruciate ligament and medial collateral ligament), as
these cells are aligned with their long axis parallel to the
tendon or ligament and are therefore subjected primarily
to uniaxial stretching in vivo [4-6]. On the other hand,
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biaxial stretching is applied to cells that are subjected to
tensile forces in all directions in vivo, e.g., dermal fibro-
blasts. A few biaxial stretching systems have been
devised, which typically use circular elastic membranes
to produce isotropic strains independent of stretching
direction [7-10].
Besides tensile forces, compressive forces can also be
applied to cells that are subjected to compression in vivo.
One way of applying compressive forces is through appli-
cation of hydrostatic pressure [11,12]. Another technique
uses direct platen abutment to apply compressive forces
to cells. This type of loading system includes unconfined
compression, in which constant or low-cycle intermittent
loads are delivered by manually applying weights [13,14],
and confined compression, in which cells are placed
between two platens that are contained by a confining
chamber [15-17]. These compressive loading systems can
be used to investigate mechanobiological responses of
cells in tissues primarily subjected to compression in vivo,
such as articular cartilage.
While 2-D systems such as those above have provided
us with much insightful information regarding cellular
mechanobiological responses, they are inherently limited
in that they cannot model an in vivo tissue environment
where cells are surrounded by extracellular matrix
(ECM). Therefore, 3-D systems have also been developed
that enable cells to reside in a more in vivo-like environ-
ment, which better preserves cell phenotype. A widely
used 3-D system in the area of wound healing research is
a cell-populated collagen gel (CPCG) [18,19]. Cells such
as fibroblasts exert contraction forces on the surrounding
collagen gel, thus remodeling it [20,21]. External mechan-
ical forces can also be applied to CPCGs to study cellular
mechanobiological responses [22,23]. Similarly, bioartifi-
cial tissues (BATs) were developed to embed tendon cells
in collagen gels [24]. The phenotype of tendon cells in
BATs is better preserved than in 2-D systems where cells
are attached to 2-D substrates. This is generally true for
other types of cells as well; e.g. chondrocytes in 3-D cul-
tures retain their phenotype whereas they quickly lose it
when cultured in 2-D systems such as a plastic dish [25].
3. Internal Mechanical Forces
Internal mechanical forces are the forces generated by
cells themselves and are usually referred to as intracellu-
lar tension [26,27]. In non-muscle cells, intracellular ten-
sion is generated by cross-bridging of actomyosin, a
process powered by ATP hydrolysis [28,29]. Such tensile
forces are then transmitted to the ECM via focal adhe-
sions [30], and the forces acting on ECM are called cell
traction forces (CTFs). CTFs play a vital role in cell mech-
anobiology, as they function to direct ECM assembly [31],
control cell shape [32-34], permit cell movement [35-39],
and maintain cellular tensional homeostasis [40-42].
CTFs also deform the ECM network and cause stress and
strain in t he networ k, which in t urn modula t e ce llular
functions such as gene expression and protein secretion
[43,44]. Therefore, CTFs are critical in many fundamental
biological processes such as embryogenesis, angiogene-
sis, and wound healing [3].
In general, mechanobiological investigations rely on
cell-substrate adhesion to transmit external mechanical
forces to cells. This is because external mechanical forces
acting on cells can alter the equilibrium state of internal
forces, thereby affecting cellular mechanobiological
responses [45].
In addition to mechanical forces, other mechanics
parameters such as substrate stiffness also have a pro-
found influence on cell behavior. A striking example is
that substrate stiffness alone can direct specific differenti-
ation of human mesenchymal stem cells (hMSCs); soft
substrates (0.1-1 kPa) mimicking brain tissues are neuro-
genic, whereas stiffer substrates (8-17 kPa) mimicking
muscle are myogenic. Finally, even stiffer substrates (25-
40 kPa) resembling osteoid matrix can induce hMSCs to
undergo osteogenic differentiation [46,47].
4. Cellular Mechanobiological Responses
Depending on the type of cell and loading conditions,
application of mechanical forces to cells affects a spec-
trum of cellular functions, including cell proliferation,
differentiation, gene expression and protein synthesis of
ECM components, and production of cytokines and
growth factors. For instance, in one study, human tendon
fibroblasts were shown to increase their proliferation as
well as gene expression and protein production of type I
collagen in a stretch magnitude-dependent manner [48].
In another study, when repetitive stretching at a magni-
tude of 5% and a frequency of 1 Hz was applied to human
tendon fibroblasts for one day, cell proliferation increased
significantly. When the same conditions were applied for
two days, however, cell proliferation was inhibited [49],
indicating that stretching-induced proliferation of tendon
fibroblasts also depends on stretching duration. Finally, in
human periodontal ligament fibroblasts, a 10% cyclic
equi-biaxial compression decreased type I collagen
mRNA expression and reduced synthesis of fibronectin
as well as the amount of total protein; however, the same
level of cyclic stretching increased type I collagen mRNA
levels and total protein levels [50]. These findings show
that tensile and compressive forces with the same magni-
tude induce differential cellular mechanobiological
responses.
In addition to cell proliferation and protein expression,
mechanical forces can also induce the expression and
production of inflammatory mediators, including COX-2,
PGE2, and LTB4, in a stretching magnitude-dependent
fashion [6,51]. In the presence of IL-1β, a potent inflam-Wang and Li Sports Medicine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16
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matory mediator present in injured tissues, 4% cyclic uni-
axial stretching decreased COX-2 and MMP-1 gene
expression and PGE2 production whose levels had been
elevated by IL-1β treatment; in contrast, cells under 8%
stretching further increased the expression levels of these
genes and PGE2 production in addition to the effects of
IL-1β stimulation [52]. The findings of this study indicate
that mechanical loading regulates cellular inflammatory
responses in a loading magnitude-dependent manner.
These findings suggest that when tissues such as tendons
are injured, appropriate levels of exercise could be benefi-
cial as it may reduce the inflammatory response. On the
other hand, excessive loading of injured tendons, which
may worsen tissue inflammation, could be detrimental. In
chondrocytes, mechanical loading has also been found to
regulate cellular inflammatory response via the NF-κB
signaling pathway [53].
While numerous studies have focused on studying
mechanobiological responses of adult cells, efforts have
been placed in recent years on investigating mechanobio-
logical responses of stem cells. Accumulating evidence
has shown that mechanical forces regulate proliferation
and differentiation of stem cells. For instance, various
mechanical loads applied to bovine bone marrow stem
cells (BMSCs) induce differentiation of the stem cells into
different cell lineages, including ligament cells, chondro-
cytes, myocardial and vascular cells [54-56]. In addition,
small-magnitude stretching promotes osteogenic differ-
entiation of hMSCs, whereas large-magnitude stretching
induces tenogenic differentiation, as evidenced by up-
regulation of genes specific for osteogenesis and tenogen-
esis, respectively [57]. Moreover, recent studies have
demonstrated that cyclic uniaxial stretching not only
enhances proliferation of rabbit tendon stem cells (TSCs),
but also induces TSC differentiation into tenocyte and
non-tenocyte lineages in a loading magnitude-dependent
manner [58].
Corresponding to in vitro findings, mechanical forces
in vivo, usually in the form of exercise, also induce various
effects on tissues. For instance, exercise increases procol-
lagen expression, collagen synthesis, and interstitial TGF-
β concentration in humans [59]. In mice, moderate tread-
mill running induces the presence of myofibroblasts in
tendons, suggesting that active remodeling takes place in
response to applied loading on the tendon [60]. On the
other hand, excessive mechanical forces acting on ten-
dons in vivo cause degenerative changes in tendons (ten-
dinopathy) [1,2].
Since mechanical loads are essential for the develop-
ment, function, and repair of body components, mechan-
ical conditioning is used in tissue engineering for proper
development and functioning of tissue replacement con-
structs, especially for those bearing mechanical loads in
vivo [61,62]. These constructs usually consist of deform-
able 3-D matrices seeded with cells and can be mechani-
cally loaded using specially designed setups. For example,
application of uniaxial stretching to 3-D collagen matri-
ces populated with tendon fibroblasts resulted in expres-
sion of type I collagen and fibronectin similar to that of
native tendons. This indicates that tendon cells residing
in a mechanically loaded 3-D construct could be assum-
ing a similar phenotype as those cells in native tendons.
Moreover, these constructs were mechanically stronger
than their unloaded counterparts [24]. When autogenous
tissue engineered constructs of the patellar tendon made
of type I collagen sponges and rabbit MSCs were
mechanically stimulated, the stiffness of the cell-collagen
constructs increased by 1.5 times compared to unloaded
constructs [63]. Also, in smooth muscle cell (SMC)-
seeded scaffolds, cyclic mechanical stretching for 5-20
weeks stimulated gene expression of SMC elastin and
type I collagen. Tensile strength and Young's moduli of
c o n s t r u c t s  w e r e  i n c r e a s e d  b y  c y c l i c  s t r e t c h i n g  f o r  2 0
weeks, whereas both decreased over time without
mechanical stretching [64].
In addition to external mechanical forces, internal
mechanical forces can also regulate cell biology in terms
of anabolic or catabolic states. For example, reducing
internal mechanical forces (or intracellular tension) by
releasing collagen gels from attachment to an underlying
substrate or using cytochalasin D, a drug that disrupts
actin cytoskeleton, changes rat tendon cells from an ana-
bolic to a catabolic state, as measured by the gene expres-
sion levels of type I collagen and interstitial collagenase,
respectively [65]. Moreover, cells can also use their inter-
nal contractile forces to regulate their own proliferation
and differentiation [66,67].
Theoretical modeling predicted that accumulation of
mechanical stress happens in a layer of cells that adhere
to each other, and cells may use the mechanical stress as a
feedback signal for their division [67,68]. Using a micro-
patterned cell aggregate model, concentrated internal
mechanical stresses around the perimeter of a cell aggre-
gate were shown to cause endothelial or epithelial cells to
proliferate at the perimeter but not in its inner region,
where lower mechanical stresses were present [69]. Fur-
thermore, collective internal mechanical stresses were
also found to regulate differentiation of a cell aggregate,
resulting in spatial patterning of differentiated cells
[70,71]. Finally, decreasing intracellular tension or inter-
nal mechanical force by limiting cell spreading area has
been shown to result in apoptosis [72].
5. Cellular Mechanotransduction
In order for a cell to respond to mechanical forces, the
mechanical forces must be converted into chemical sig-
nals inside the cell to elicit a cascade of cellular andWang and Li Sports Medicine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16
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molecular events. Such a process is termed cellular mech-
anotransduction (Fig. 1).
While the mechanisms of cellular mechanotransduc-
tion are still not completely understood, it is generally
accepted that external mechanical forces acting on ECM
have to be transmitted into a cell through integrin-medi-
ated adhesions [73,74]. Integrins, which contain both a
large ECM domain responsible for binding substrates and
a cytoplasmic domain, are the main adhesive receptors
and mechanotransducers that link the cytoskeleton to the
ECM [26,75]. Therefore, the ECM-integrin-cytoskeleton
pathway plays a major role in the mechano-signaling pro-
cess. In a "tensegrity" model, mechanical forces applied to
the cell membrane are directly and immediately transmit-
ted to the nucleus through the inter-connected cytoskele-
ton composed of actin filaments, microtubules, and
intermediate filaments [76]. Such a model is supported by
the finding that application of mechanical stress to integ-
rins altered the cytoskeleton and activated gene expres-
sion in a stress-dependent manner [77-79]. Using a
FRET -based cytosolic Src reporter in a living cell, local
stress was shown to induce rapid activation (< 0.3 sec) of
Src at remote cytoplasmic sites; thus, a pre-stressed
cytoskeleton can rapidly transduce mechanical signals
[80].
In addition to integrins and the cytoskeleton, G pro-
teins also function as mechanotransduction molecules
[81,82]. Another important component of cellular mech-
anotransduction is intracellular Ca2+  [83]. Mechanical
stretching of fibroblasts and many other types of cells
increases the levels of intracellular Ca2+, which serves as a
secondary messenger [84,85]. In addition, cellular mecha-
notransduction also involves stretch-activated ion chan-
nels (SACs) [86,87]. In response to applied mechanical
stresses, SACs open to allow ions like Ca2+, Na+, and K+ to
pass through, thus transducing mechanical signals into
activation of intracellular signaling molecules [88].
Finally, recent studies have shown that primary cilia also
play an important role in cellular mechanotransduction.
In bone cells, for example, primary cilia translate fluid
flow into cellular responses independent of SACs [89].
In addition to the roles of many cellular components
such as integrin and cytoskeleton in cellular mechan-
otransduction, researchers are also beginning to under-
stand the mechanisms of how mechanical forces are
initially sensed by the cell. In adherent cells, force trans-
mission is primarily dependent on the attachment of cells
to ECM molecules such as collagen or fibronectin [90].
Therefore, ECM proteins may function as "force sensors."
Mechanical stresses acting on ECM may unfold a domain
Figure 1 Schematic illustration of the "mechanical nature" of cellular mechanotransduction mechanisms. Mechanical forces (MF) can induce 
mechanotransduction by directly altering conformation of an extracellular matrix (ECM) protein and integrin configuration and transmitting forces to 
the cytoskeleton and nucleus, thus eventually affecting transcription and translation. Also, mechanical forces can unfold a domain of the extracellular 
protein (M) and expose a cryptic site that may serve as an activating ligand for a cell surface receptor, resulting in a series of signaling events. Also, 
when mechanical forces are applied to "force receptors" (FR), such as integrins and G proteins, they initiate signal transduction, resulting in transcrip-
tion followed by translation. As a result, soluble factors are secreted into the ECM, which act on the receptor (R) and then initiate a cascade of signaling 
events. Note that double arrows indicate intracellular tensions in the actin filaments. (Modified with permission from Wang and Thampatty, Fig. four 
in Encyclopedia of Biomaterials and Biomedical Engineering, 2008, p.1783-1793, Taylor & Francis).Wang and Li Sports Medicine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16
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of the ECM protein, resulting in exposure of its cryptic
site, which may serve as an activating ligand for an adja-
cent receptor [83]. This potential force-sensing mecha-
nism is supported by the finding that small and large
forces unfold the weakest domain and the most stable
domain of fibronectin, respectively [91]. Besides the con-
formation change in an ECM protein due to applied
external mechanical forces, the cytoskeletal force, or the
internal mechanical force, controls α5β1 integrin switch-
ing between relaxed and tensioned states. Such a switch
directly controls the strength of α5β1-fibronectin bond by
engaging the synergy site in fibronectin [92].
6. Conclusion
Mechanical forces are ubiquitous and are known to
greatly influence physiology and pathophysiology in
humans. Mechano-responsive cells are responsible for
these mechano-effects, as years of intensive mechanobi-
ology research have shown that external mechanical
forces influence a wide spectrum of cellular events,
including alterations in cell proliferation, differentiation,
gene expression, and protein production. It is also now
appreciated that internal mechanical forces generated by
cells themselves regulate cell biology in terms of meta-
bolic state, cell proliferation and differentiation, etc. Par-
ticularly, CTFs, which are the internal mechanical forces
transmitted to ECM, regulate many vital cellular func-
tions such as migration and ECM assembly.
The keys to understanding mechanical force-regulated
cell biology are cellular mechanotransduction mecha-
nisms by which cells "convert" mechanical force signals
into biochemical signals in cells. The role of ECM pro-
teins, integrins, and cytoskeleton in cellular mechan-
otransduction is now firmly established. Recent studies
also point to predominant role of primary cilia in
mechanical signal transduction. They also show that
mechanical forces may cause mechanotransduction
events by altering conformation of signaling molecules,
thus affecting their activity and consequently eliciting a
cascade of biochemical events such as gene expression.
The fact that mechanics plays a dominant role in cell
biology provides a solid foundation and rationale for use
of mechanics to improve human health by designing
appropriate equipment/instruments, exercise protocols,
and rehabilitation regimens. For instance, in sports medi-
cine, such practices will help improve overall perfor-
mance while reducing and preventing musculoskeletal
injuries in athletes. Also, combined use of "bio-interven-
tions" and "mechanics" will further improve the outcome
of clinical treatments of musculoskeletal injuries.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
JW and BL drafted and revised the manuscript together. Both authors read and
approved the final manuscript.
Acknowledgements
This work is supported in part by NIH AR049921, AR049921S1, and AR049921S2 
(JHW).
Author Details
1MechanoBiology Laboratory, Department of Orthopaedic Surgery, University 
of Pittsburgh School of Medicine, 210 Lothrop St, BST E1640, Pittsburgh, PA 
15213, USA, 2Orthopedic Institute, Soochow University, 708 Renmin Rd, 
Suzhou, Jiangsu 215007, China and 3Department of Orthopedics, The First 
Affiliated Hospital of Soochow University, 188 Shizi St, Suzhou, Jiangsu 215006, 
China
References
1. Fredberg U, Stengaard-Pedersen K: Chronic tendinopathy tissue 
pathology, pain mechanisms, and etiology with a special focus on 
inflammation.  Scand J Med Sci Sports 2008, 18(1):3-15.
2. Wang JH, Iosifidis MI, Fu FH: Biomechanical basis for tendinopathy.  Clin 
Orthop Relat Res 2006, 443:320-332.
3. Wang JH, Thampatty BP: Mechanobiology of adult and stem cells.  Int 
Rev Cell Mol Biol 2008, 271:301-346.
4. Archambault J, Tsuzaki M, Herzog W, Banes AJ: Stretch and interleukin-
1beta induce matrix metalloproteinases in rabbit tendon cells in vitro.  
Journal of Orthopaedic Research 2002, 20(1):36-39.
5. Kim SG, Akaike T, Sasagaw T, Atomi Y, Kurosawa H: Gene expression of 
type I and type III collagen by mechanical stretch in anterior cruciate 
ligament cells.  Cell Structure & Function 2002, 27(3):139-144.
6. Li Z, Yang G, Khan M, Stone D, Woo SL, Wang JH: Inflammatory response 
of human tendon fibroblasts to cyclic mechanical stretching.  American 
Journal of Sports Medicine 2004, 32(2):435-440.
7. Hung CT, Williams JL: A Method for Inducing Equi-Biaxial and Uniform 
Strains in Elastomeric Membranes Used as Cell Substrates.  Journal of 
Biomechanics 1994, 27(2):227-232.
8. Lee AA, Delhaas T, Waldman LK, MacKenna DA, Villarreal FJ, McCulloch AD: 
An equibiaxial strain system for cultured cells.  Am J Physiol 1996, 271(4 
Pt 1):C1400-1408.
9. Schaffer JL, Rizen M, Litalien GJ, Benbrahim A, Megerman J, Gerstenfeld 
LC, Gray ML: Device for the Application of a Dynamic Biaxially Uniform 
and Isotropic Strain to a Flexible Cell-Culture Membrane.  Journal of 
Orthopaedic Research 1994, 12(5):709-719.
10. Sotoudeh M, Jalali S, Usami S, Shyy JY, Chien S: A strain device imposing 
dynamic and uniform equi-biaxial strain to cultured cells.  Ann Biomed 
Eng 1998, 26(2):181-189.
11. Angele P, Yoo JU, Smith C, Mansour J, Jepsen KJ, Nerlich M, Johnstone B: 
Cyclic hydrostatic pressure enhances the chondrogenic phenotype of 
human mesenchymal progenitor cells differentiated in vitro.  J Orthop 
Res 2003, 21(3):451-457.
12. Toyoda T, Seedhom BB, Yao JQ, Kirkham J, Brookes S, Bonass WA: 
Hydrostatic pressure modulates proteoglycan metabolism in 
chondrocytes seeded in agarose.  Arthritis & Rheumatism 2003, 
48(10):2865-2872.
13. Burton-Wurster N, Vernier-Singer M, Farquhar T, Lust G: Effect of 
compressive loading and unloading on the synthesis of total protein, 
proteoglycan, and fibronectin by canine cartilage explants.  Journal of 
Orthopaedic Research 1993, 11(5):717-729.
14. Steinmeyer J, Torzilli PA, Burton-Wurster N, Lust G: A new pressure 
chamber to study the biosynthetic response of articular cartilage to 
mechanical loading.  Res Exp Med (Berl) 1993, 193(3):137-142.
15. Chen AC, Sah RL: Effect of static compression on proteoglycan 
biosynthesis by chondrocytes transplanted to articular cartilage in 
vitro.  J Orthop Res 1998, 16(5):542-550.
16. Davisson T, Kunig S, Chen A, Sah R, Ratcliffe A: Static and dynamic 
compression modulate matrix metabolism in tissue engineered 
cartilage.  Journal of Orthopaedic Research 2002, 20(4):842-848.
Received: 27 March 2010 Accepted: 8 July 2010 
Published: 8 July 2010
This article is available from: http://www.smarttjournal.com/content/2/1/16 © 2010 Wang and Li; licensee BioMed Central Ltd.  This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Sports Medicine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16Wang and Li Sports Medicine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16
http://www.smarttjournal.com/content/2/1/16
Page 6 of 7
17. Freeman PM, Natarajan RN, Kimura JH, Andriacchi TP: Chondrocyte cells 
respond mechanically to compressive loads.  Journal of Orthopaedic 
Research 1994, 12(3):311-320.
18. Bell E, Ehrlich HP, Buttle DJ, Nakatsuji T: Living tissue formed in vitro and 
accepted as skin-equivalent tissue of full thickness.  Science 1981, 
211(4486):1052-1054.
19. Bell E, Ivarsson B, Merrill C: Production of a tissue-like structure by 
contraction of collagen lattices by human fibroblasts of different 
proliferative potential in vitro.  Proc Natl Acad Sci USA 1979, 
76(3):1274-1278.
20. Grinnell F: Fibroblast-collagen-matrix contraction: growth-factor 
signalling and mechanical loading.  Trends in Cell Biology 2000, 
10(9):362-365.
21. Fernandez P, Bausch AR: The compaction of gels by cells: a case of 
collective mechanical activity.  Integr Biol (Camb) 2009, 1(3):252-259.
22. Akhouayri O, Lafage-Proust MH, Rattner A, Laroche N, Caillot-Augusseau 
A, Alexandre C, Vico L: Effects of static or dynamic mechanical stresses 
on osteoblast phenotype expression in three-dimensional contractile 
collagen gels.  J Cell Biochem 1999, 76(2):217-230.
23. Peperzak KA, Gilbert TW, Wang JH: A multi-station dynamic-culture 
force monitor system to study cell mechanobiology.  Med Eng Phys 
2004, 26(4):355-358.
24. Garvin J, Qi J, Maloney M, Banes AJ: Novel system for engineering 
bioartificial tendons and application of mechanical load.  Tissue 
Engineering 2003, 9(5):967-979.
25. Yates KE, Allemann F, Glowacki J: Phenotypic analysis of bovine 
chondrocytes cultured in 3D collagen sponges: effect of serum 
substitutes.  Cell Tissue Bank 2005, 6(1):45-54.
26. Ingber D: Integrins as mechanochemical transducers.  Curr Opin Cell Biol 
1991, 3(5):841-848.
27. Burridge K, Chrzanowska-Wodnicka M: Focal adhesions, contractility, 
and signaling.  Annu Rev Cell Dev Biol 1996, 12:463-518.
28. Kolega J, Janson LW, Taylor DL: The role of solation-contraction coupling 
in regulating stress fiber dynamics in nonmuscle cells.  J Cell Biol 1991, 
114(5):993-1003.
29. Sanger JW, Sanger JM, Jockusch BM: Differences in the stress fibers 
between fibroblasts and epithelial cells.  J Cell Biol 1983, 96(4):961-969.
30. Balaban NQ, Schwarz US, Riveline D, Goichberg P, Tzur G, Sabanay I, 
Mahalu D, Safran S, Bershadsky A, Addadi L, et al.: Force and focal 
adhesion assembly: a close relationship studied using elastic 
micropatterned substrates.  Nat Cell Biol 2001, 3(5):466-472.
31. Lemmon CA, Chen CS, Romer LH: Cell traction forces direct fibronectin 
matrix assembly.  Biophys J 2009, 96(2):729-738.
32. Li F, Li B, Wang QM, Wang JH: Cell shape regulates collagen type I 
expression in human tendon fibroblasts.  Cell Motil Cytoskeleton 2008, 
65(4):332-341.
33. Wang HB, Dembo M, Wang YL: Substrate flexibility regulates growth 
and apoptosis of normal but not transformed cells.  Am J Physiol Cell 
Physiol 2000, 279(5):C1345-1350.
34. Kumar S, Maxwell IZ, Heisterkamp A, Polte TR, Lele TP, Salanga M, Mazur E, 
Ingber DE: Viscoelastic retraction of single living stress fibers and its 
impact on cell shape, cytoskeletal organization, and extracellular 
matrix mechanics.  Biophys J 2006, 90(10):3762-3773.
35. Ananthakrishnan R, Ehrlicher A: The forces behind cell movement.  Int J 
Biol Sci 2007, 3(5):303-317.
36. Rosel D, Brabek J, Tolde O, Mierke CT, Zitterbart DP, Raupach C, Bicanova 
K, Kollmannsberger P, Pankova D, Vesely P, et al.: Up-regulation of Rho/
ROCK signaling in sarcoma cells drives invasion and increased 
generation of protrusive forces.  Mol Cancer Res 2008, 6(9):1410-1420.
37. Beningo KA, Dembo M, Kaverina I, Small JV, Wang YL: Nascent focal 
adhesions are responsible for the generation of strong propulsive 
forces in migrating fibroblasts.  J Cell Biol 2001, 153(4):881-888.
38. Ingber DE: Mechanobiology and diseases of mechanotransduction.  
Annals of Medicine 2003, 35(8):564-577.
39. Lee J, Leonard M, Oliver T, Ishihara A, Jacobson K: Traction forces 
generated by locomoting keratocytes.  J Cell Biol 1994, 127(6 Pt 
2):1957-1964.
40. Sawhney RK, Howard J: Molecular dissection of the fibroblast-traction 
machinery.  Cell Motil Cytoskeleton 2004, 58(3):175-185.
41. Eckes B, Krieg T: Regulation of connective tissue homeostasis in the skin 
by mechanical forces.  Clin Exp Rheumatol 2004, 22(3 Suppl 33):S73-76.
42. Harris AK: Cell motility and the problem of anatomical homeostasis.  J 
Cell Sci Suppl 1987, 8:121-140.
43. Tranquillo RT, Durrani MA, Moon AG: Tissue Engineering Science - 
Consequences of Cell Traction Force.  Cytotechnology 1992, 
10(3):225-250.
44. Harris AK, Stopak D, Wild P: Fibroblast traction as a mechanism for 
collagen morphogenesis.  Nature 1981, 290(5803):249-251.
45. Ingber DE: Tensegrity: the architectural basis of cellular 
mechanotransduction.  Annu Rev Physiol 1997, 59:575-599.
46. Engler AJ, Griffin MA, Sen S, Bonnemann CG, Sweeney HL, Discher DE: 
Myotubes differentiate optimally on substrates with tissue-like 
stiffness: pathological implications for soft or stiff microenvironments.  
J Cell Biol 2004, 166(6):877-887.
47. Rehfeldt F, Engler AJ, Eckhardt A, Ahmed F, Discher DE: Cell responses to 
the mechanochemical microenvironment--implications for 
regenerative medicine and drug delivery.  Adv Drug Deliv Rev 2007, 
59(13):1329-1339.
48. Yang GG, Crawford RC, Wang JHC: Proliferation and collagen production 
of human patellar tendon fibroblasts in response to cyclic uniaxial 
stretching in serum-free conditions.  Journal of Biomechanics 2004, 
37(10):1543-1550.
49. Barkhausen T, van Griensven M, Zeichen J, Bosch U: Modulation of cell 
functions of human tendon fibroblasts by different repetitive cyclic 
mechanical stress patterns.  Exp Toxicol Pathol 2003, 55(2-3):153-158.
50. He Y, Macarak EJ, Korostoff JM, Howard PS: Compression and tension: 
differential effects on matrix accumulation by periodontal ligament 
fibroblasts in vitro.  Connect Tissue Res 2004, 45(1):28-39.
51. Wang JH, Jia F, Yang G, Yang S, Campbell BH, Stone D, Woo SL: Cyclic 
mechanical stretching of human tendon fibroblasts increases the 
production of prostaglandin E2 and levels of cyclooxygenase 
expression: a novel in vitro model study.  Connective Tissue Research 
2003, 44(3-4):128-133.
52. Yang G, Im HJ, Wang JH: Repetitive mechanical stretching modulates IL-
1beta induced COX-2, MMP-1 expression, and PGE2 production in 
human patellar tendon fibroblasts.  Gene 2005, 363:166-172.
53. Agarwal S, Deschner J, Long P, Verma A, Hofman C, Evans CH, Piesco N: 
Role of NF-kappaB transcription factors in antiinflammatory and 
proinflammatory actions of mechanical signals.  Arthritis Rheum 2004, 
50(11):3541-3548.
54. Altman GH, Horan RL, Martin I, Farhadi J, Stark PR, Volloch V, Richmond JC, 
Vunjak-Novakovic G, Kaplan DL: Cell differentiation by mechanical 
stress.  FASEB J 2002, 16(2):270-272.
55. Park JS, Huang NF, Kurpinski KT, Patel S, Hsu S, Li S: Mechanobiology of 
mesenchymal stem cells and their use in cardiovascular repair.  Front 
Biosci 2007, 12:5098-5116.
56. Huang H, Kamm RD, Lee RT: Cell mechanics and mechanotransduction: 
pathways, probes, and physiology.  Am J Physiol Cell Physiol 2004, 
287(1):C1-11.
57. Chen YJ, Huang CH, Lee IC, Lee YT, Chen MH, Young TH: Effects of cyclic 
mechanical stretching on the mRNA expression of tendon/ligament-
related and osteoblast-specific genes in human mesenchymal stem 
cells.  Connect Tissue Res 2008, 49(1):7-14.
58. Zhang J, Wang JH: Mechanobiological response of tendon stem cells: 
Implications of tendon homeostasis and pathogenesis of 
tendinopathy.  J Orthop Res 2010, 28(5):639-643.
59. Kjaer M, Langberg H, Heinemeier K, Bayer ML, Hansen M, Holm L, 
Doessing S, Kongsgaard M, Krogsgaard MR, Magnusson SP: From 
mechanical loading to collagen synthesis, structural changes and 
function in human tendon.  Scand J Med Sci Sports 2009, 19(4):500-510.
60. Szczodry M, Zhang J, Lim C, Davitt HL, Yeager T, Fu FH, Wang JH: Treadmill 
running exercise results in the presence of numerous myofibroblasts in 
mouse patellar tendons.  J Orthop Res 2009, 27(10):1373-1378.
61. Butler DL, Juncosa-Melvin N, Boivin GP, Galloway MT, Shearn JT, Gooch C, 
Awad H: Functional tissue engineering for tendon repair: A 
multidisciplinary strategy using mesenchymal stem cells, bioscaffolds, 
and mechanical stimulation.  J Orthop Res 2008, 26(1):1-9.
62. Guilak F, Butler DL, Goldstein SA: Functional tissue engineering: the role 
of biomechanics in articular cartilage repair.  Clinical Orthopaedics & 
Related Research 2001:S295-305.
63. Juncosa-Melvin N, Shearn JT, Boivin GP, Gooch C, Galloway MT, West JR, 
Nirmalanandhan VS, Bradica G, Butler DL: Effects of mechanical 
stimulation on the biomechanics and histology of stem cell-collagen Wang and Li Sports Medicine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16
http://www.smarttjournal.com/content/2/1/16
Page 7 of 7
sponge constructs for rabbit patellar tendon repair.  Tissue Eng 2006, 
12(8):2291-2300.
64. Kim BS, Nikolovski J, Bonadio J, Smiley E, Mooney DJ: Engineered smooth 
muscle tissues: regulating cell phenotype with the scaffold.  Exp Cell Res 
1999, 251(2):318-328.
65. Lavagnino M, Arnoczky SP: In vitro alterations in cytoskeletal tensional 
homeostasis control gene expression in tendon cells.  Journal of 
Orthopaedic Research 2005, 23(5):1211-1218.
66. Ingber DE: Mechanical control of tissue morphogenesis during 
embryological development.  Int J Dev Biol 2006, 50(2-3):255-266.
67. Shraiman BI: Mechanical feedback as a possible regulator of tissue 
growth.  Proc Natl Acad Sci USA 2005, 102(9):3318-3323.
68. Day C: Mechanical force may determine the final size of tissues.  Phys 
Today 2007, 60(4):20-21.
69. Nelson CM, Jean RP, Tan JL, Liu WF, Sniadecki NJ, Spector AA, Chen CS: 
Emergent patterns of growth controlled by multicellular form and 
mechanics.  Proc Natl Acad Sci USA 2005, 102(33):11594-11599.
70. Li B, Li F, Puskar KM, Wang JH: Spatial patterning of cell proliferation and 
differentiation depends on mechanical stress magnitude.  J Biomech 
2009, 42(11):1622-1627.
71. Ruiz SA, Chen CS: Emergence of Patterned Stem Cell Differentiation 
Within Multicellular Structures.  Stem Cells 2008, 26(11):2921-2927.
72. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE: Geometric 
control of cell life and death.  Science 1997, 276(5317):1425-1428.
73. Juliano RL, Haskill S: Signal transduction from the extracellular matrix.  
Journal of Cell Biology 1993, 120(3):577-585.
74. Maniotis AJ, Chen CS, Ingber DE: Demonstration of mechanical 
connections between integrins, cytoskeletal filaments, and 
nucleoplasm that stabilize nuclear structure.  Proc Natl Acad Sci USA 
1997, 94(3):849-854.
75. Hynes RO: Integrins: versatility, modulation, and signaling in cell 
adhesion.  Cell 1992, 69(1):11-25.
76. Ingber DE: Cellular tensegrity: defining new rules of biological design 
that govern the cytoskeleton.  Journal of Cell Science 1993, 104(Pt 
3):613-627.
77. Schmidt CE, Horwitz AF, Lauffenburger DA, Sheetz MP: Integrin-
cytoskeletal interactions in migrating fibroblasts are dynamic, 
asymmetric, and regulated.  J Cell Biol 1993, 123(4):977-991.
78. Wang N, Butler JP, Ingber DE: Mechanotransduction across the cell 
surface and through the cytoskeleton.  Science 1993, 
260(5111):1124-1127.
79. Urbich C, Dernbach E, Reissner A, Vasa M, Zeiher AM, Dimmeler S: Shear 
stress-induced endothelial cell migration involves integrin signaling 
via the fibronectin receptor subunits alpha(5) and beta(1).  
Arteriosclerosis, Thrombosis & Vascular Biology 2002, 22(1):69-75.
80. Na S, Collin O, Chowdhury F, Tay B, Ouyang M, Wang Y, Wang N: Rapid 
signal transduction in living cells is a unique feature of 
mechanotransduction.  Proc Natl Acad Sci USA 2008, 105(18):6626-6631.
81. Clark CB, McKnight NL, Frangos JA: Strain and strain rate activation of G 
proteins in human endothelial cells.  Biochemical & Biophysical Research 
Communications 2002, 299(2):258-262.
82. Chachisvilis M, Zhang YL, Frangos JA: G protein-coupled receptors sense 
fluid shear stress in endothelial cells.  Proc Natl Acad Sci USA 2006, 
103(42):15463-15468.
83. Janmey PA, Weitz DA: Dealing with mechanics: mechanisms of force 
transduction in cells.  Trends Biochem Sci 2004, 29(7):364-370.
84. Sigurdson W, Ruknudin A, Sachs F: Calcium imaging of mechanically 
induced fluxes in tissue-cultured chick heart: role of stretch-activated 
ion channels.  American Journal of Physiology 1992, 262(4 Pt 
2):H1110-1115.
85. Munevar S, Wang YL, Dembo M: Regulation of mechanical interactions 
between fibroblasts and the substratum by stretch-activated Ca2+ 
entry.  J Cell Sci 2004, 117(Pt 1):85-92.
86. French AS, Stockbridge LL: Potassium channels in human and avian 
fibroblasts.  Proc R Soc Lond B Biol Sci 1988, 232(1269):395-412.
87. Wall ME, Banes AJ: Early responses to mechanical load in tendon: role 
for calcium signaling, gap junctions and intercellular communication.  
J Musculoskelet Neuronal Interact 2005, 5(1):70-84.
88. Ruknudin A, Sachs F, Bustamante JO: Stretch-activated ion channels in 
tissue-cultured chick heart.  American Journal of Physiology 1993, 264(3 
Pt 2):H960-972.
89. Malone AM, Anderson CT, Tummala P, Kwon RY, Johnston TR, Stearns T, 
Jacobs CR: Primary cilia mediate mechanosensing in bone cells by a 
calcium-independent mechanism.  Proc Natl Acad Sci USA 2007, 
104(33):13325-13330.
90. Hinz B: Masters and servants of the force: the role of matrix adhesions 
in myofibroblast force perception and transmission.  Eur J Cell Biol 2006, 
85(3-4):175-181.
91. Oberhauser AF, Badilla-Fernandez C, Carrion-Vazquez M, Fernandez JM: 
The mechanical hierarchies of fibronectin observed with single-
molecule AFM.  J Mol Biol 2002, 319(2):433-447.
92. Friedland JC, Lee MH, Boettiger D: Mechanically activated integrin 
switch controls alpha5beta1 function.  Science 2009, 323(5914):642-644.
doi: 10.1186/1758-2555-2-16
Cite this article as: Wang and Li, Mechanics rules cell biology Sports Medi-
cine, Arthroscopy, Rehabilitation, Therapy & Technology 2010, 2:16